Abstract: With the development of lighting industry and visible light communication (VLC) technology, multicolor light-emitting diode (LED) has been advised to replace phosphorconverted LED because of its higher modulation bandwidth and better lighting quality. In this paper, we developed an illumination-adapted transceiver design for a quadrichromatic LED based multicolor multiple-input multiple-output VLC system. The multicolor crosstalk caused by spectral overlapping is considered to make the channel model more realistic. The optimization problem of transceiver design is formulated to minimize total mean-square error between transmitted and received signals with the constraints of chromaticity, luminance, and signal range. Since the optimization problem is nonconvex, we develop an iterative algorithm that updates optimization variables to get the optimal transceiver and color mix ratio in the specified color temperature (CT). Simulation results indicate that the proposed method outperforms the existing design methods with the consideration of the crosstalk and has a better system performance with larger CT value.
Illumination-Adapted Transceiver Design for Quadrichromatic Light-Emitting Diode Based Visible Light Communication
Jun-Ming Dong, Yi-Jun Zhu , Member, IEEE, Yan-Yu Zhang , and Zheng-Guo Sun Visible light communication technology is a combination of wireless communication and lighting. Therefore, in the process of communication, the actual lighting demand should be guaranteed. In actual lighting application design, brightness and chromaticity are two physical quantities that measure the quality of LED lighting. In [6] , an optimal transceiver for indoor VLC MU-MISO systems was designed with the constant brightness requirements of the LEDs. Given constant luminance levels, several precoding schemes for the coordinated VLC broadcasting architecture were developed in [7] . However, only luminance constraint is considered in the above papers. Recently, some work has begun to consider both chromaticity constraint and brightness constraint. In [8] , the transmit precoding and the offset were jointly designed by taking certain key practical lighting constraints. The authors of [9] built a framework of the transmission power and rate optimization based on certain color and luminance constraint constraints. Furthermore, a new joint beamformer and offset design method with key practical lighting constraints was proposed in [10] . However, it should be pointed out that the color mix ratio (CMR) is pre-fixed according to desired color temperature (CT) in the previous work. Actually, by Grassmann's law [11] , when more than three colors are combined to produce white light of a specific CT, there is a set of optional CMR rather than one kind. Thus, we will find the optimal CMR for a specific CT to realize the best system performance. Another problem with above work is that the multi-color channel interference [12] caused by the LEDs' overlapping is neglected.
Hence, in a multi-color VLC system where the number of wavelength is greater than three, we need find the CMR among the feasible set to realize the best system performance. Considering multi-color crosstalk, an power allocation method with lighting requirements has been introduced in our previous work [13] , but we merely consider simple pre-fixed receiver that is independent of the optimization problem. To get better system performance under certain illumination constraints, in this paper, we take a step further to jointly design the transceiver and CMR for a VLC system with QLED, where crosstalk is taken into account. To sum up, the contribution of this paper can be summarized as follows:
r With the consideration of the multi-color interaction, we formulate the transceiver design problem for a VLC system based on QLED with the constraints of chromaticity, luminance and signal range.
r An iterative algorithm is developed to solve the transceiver design problem. The optimal solution can be adaptively adjusted according to the target lighting level with simple matrix operation and convex program at each iteration. For conciseness, we summarize the key notations throughout the paper in the following Table 1 . 
System Model
In a conventional wavelength division multiplexing (WDM) system, optical filters are supposed to be faultless and the multi-color channel interference among different colors is not considered. Unfortunately, in practice, it is impossible that optical filters are faultless. Therefore, they cannot differentiate the overlapping portion of LEDs' spectrum and crosstalk should be taken into account.
In our work, let us consider an indoor multi-color MIMO VLC system employing a QLED, i.e., RAGB LED as transmitter and four photodetectors (PDs) with corresponding optical filters as receiver, which is illustrated in Fig. 1 .
At the transmitter, the input data streams are modulated into source data vector s = (s 1 , s 2 , s 2 , s 4 ) T . The element s i is zero-mean-value pulse amplitude modulation (PAM) signal that generated within the closed interval of [− , ]. After modulation, source data streams are sent to the precoder F and then added with a DC-bias vector p to make sure the non-negativeness of the transmitted intensity vector. Thus, the transmitted signal y = (y 1 , y 2 , y 3 , y 4 )
T can be written as
After the transmission of optical channel, the received signal contains the desired signal, interference signal and noise, which can be given by
where n is additive white Gaussian noise (AWGN) with zero mean and covariance matrix σ 2 I [8] , [14] , [15] . The crosstalk matrix K is given as
where ε ∈ [0, 0.5) represents the interference ratio [5] . Note that,
represents the channel matrix with perfect optical filters in conventional WDM systems. According to the existing work [15] , [16] , VLC is often assumed as line-of-sight (LOS) transmission. With only the LOS component considered, the diagonal matrix H can be calculated. The channel gain between the jth LED chip and i th PD can be expressed as
where φ denotes the radiant angle of LED and ψ represents the angle of incidence at receiver. . D ij represents the distance between the jth transmitter and i th receiver. c depicts the width of the field of vision (FOV) at receiver. μ denotes the responsivity of the detector. A R denotes the effective area of the detector defined as
A PD , where δ is the refractive index of optical concentrator and A PD denotes the physical area of the detector.
With (1), we can obtain the received signal as follows
The DC term KHp which carries no information can be canceled before an equalizer is utilized.
After the cancelation, we can get the following form r = KHFs + n.
Here we employ a linear equalizer W to get the original information. The estimated symbol vector can be expressed as
Problem Formulation
In this section, to realize high quality illumination and reliable communication performance, we formulate the optimization problem to jointly design the precoder, equalizer and CMR with both communication and lighting constraints.
Objective Function
In our work, we select the minimization of sum MSE of all data streams as our criterion. The sum MSE can be calculated as follows
where R s and R n denote the covariance matrix of source data and noise, respectively.
Luminance Constraint
A good VLC system is required to be flicker-free. To keep constant luminance of white light perceived by human eyes, the sum of luminous flux L need satisfy the following formula
where
T represents the luminous flux vector.
Chromaticity Constraint
For high quality lighting, it is important to take into account the CT of illumination. 
Note that the elements of ρ sum to one. Moreover, the DC-bias vector p can be derived from
where η = η r , η a , η g , η b T is the constant coefficient vector of QLED in units of ampere per lumen [A/lm]. It should be noted that η is not constant in practice. Since LED nonlinearity can be compensated by predistortion circuits, thus, ideal linearity is considered in our paper with a purpose to simplify complexity. The notation • denotes Hadamard product.
Signal Range Constraint
The signal transmitted by LEDs must be nonnegative. Besides, to avoid clipping distortion, the signal should not exceed the maximum amplitude constraint of LEDs. So we have
In addition, s i is formed in the range of [− , ], we get
As a result, the constraint of signal amplitude can be represented by
or abs (F) ≤ min {p, I max − p} .
The optimization problem is then formulated as follows
P1
: min
It is should be pointed that there are infinite solutions to the chromaticity constraint (10) . DC-bias vector p relates to precoder F in signal range constraint and can affect objective function indirectly. Our goal is to get the optimal transceiver and CMR adaptively according to any lighting constraints, but the original optimization problem is not jointly convex with respect to F, W and ρ. In order to work out the optimization problem, a method is proposed in the following section.
Illumination-Adapted Transceiver Design
Remember that, the optimization objective (8) is a complex expression on F and W. Furthermore, the solution to (10) is not single and we have a set of feasible CMR for a specified CT. To overcome these difficulties, we develop an iterative algorithm in the next. First, we observe that the constraint in (16) is independent of W. Hence, for a fixed F, the optimal W can be obtained by setting ∂MSE/∂W = 0, the optimal W is:
Then, when W is calculated by (17) , the resulting optimization problem is
P2
Now, there are only two optimization variables F and ρ. With the help of the calculation formulas of matrix trace Tr (AB) = Tr (BA) and Tr
, we can rewrite the first item of objective function (8) as follows
It is obvious that this is a quadratic item. It is not difficult to see that the remaining items in objective function are constant or linear. Thus, the objective function are convex. Moreover, the first and third constraints of (18) are linear. The second constraint can be regarded as follows
where f i is the i th row of F. It can be seen that the second constraint is a set of norm equalities. Therefore, the feasible region formed by the constraints is a convex area. Thus, the optimization problem is jointly convex with respect to F and ρ when W is fixed. Thus CVX [18] , a toolbox of MATLAB for convex problem, could be used. In summary, suppose the solutions for F, W and ρ at the nth iteration are F n , W n and ρ n . At the (n + 1)th iteration, the optimal W n+1 for given F n can be computed by (17) . With the obtained W n+1 , the optimal F n+1 and ρ n+1 can be got by solving the convex program (18) . In other words, we can employ the iterative method to get F, W and ρ one after another with an initial value. In addition, in the iteration algorithm, the selection of initial value gives some influence upon the final result. We can make the result more accurate by taking multiple (e.g., 300) random generations of initial values and selecting the optimal solution in our algorithm.
The procedure of the proposed iterative method is given as Algorithm 1.
Complexity analysis: Since the iteration from steps 4 to 7 will bring a suboptimal solution related to the initial value, randomly creating initial solution of the optimization problem (the 3th step) is essential and useful. In general, a great quantity of random trials would improve the accuracy of the solution. In the iteration process, the convex optimization need to be carried out repeatedly (the 6th step) until the convergence is achieved. In each iteration from steps 6 to 7, calculating the gradient in (17) has a complexity of O (N 3 ) due to the matrix inversion and matrix product. Besides, when W is fixed, because infeasible interior point method in CVX is utilized, the complexity of solving problem (18) is O (N 2 R ) [19] , where R is a constant related to input length. Therefore, the overall complexity of each iteration is O (N 3 ), where N is the number of channel. Randomly create initial solution ρ 0 according to (10) and initialize F 0 satisfying constraint (15).
5:
Set max iteration number n max and n = 1.
6:
while n ≤ n max do 1) Update W n with given F n−1 based on (17).
2) With W n , find the optimal F n and ρ n by solving the convex problem (18).
3) n = n + 1.
7:
end while 8:
end if 10: end for 
Simulations Results and Discussions
In this section, we give several simulation results about our proposed design and obtain some conclusions. In this work, we assume the average color coordinates of red, yellow, green and blue Table 2 .
First of all, the convergence of our proposed algorithm is proved. The MSE performances with different luminous flux when CT = 6500 K are depicted in Fig. 2 . As we can see, our proposed algorithm converge to a stable value when the number of iterations is greater than 25. Therefore, n max is set to 25 in the later simulations.
For given F, the optimal W of WDM receiver model is:
which is different from multi-color MIMO receiver model owing to the neglect of crosstalk matrix K. The BER performances for both multi-color MIMO and traditional WDM receivers with different crosstalk ratio are shown in Fig. 3 . The CT is defined as 6500 K. It is easy to see that multi-color MIMO receiver model performs better than the WDM model due to the consideration of channel crosstalk. The performance gap becomes larger with the increase of crosstalk ratio. In addition, we can find that too high optical power may decrease the system performance. The main reason for this phenomenon is that too high optical power leads to truncation distortion. In our work, optical power is only related to the DC bias and high optical power means large DC bias. When optical power is too high, the amplitude of modulated signal would exceed the LED's maximum permissible current and truncation distortion occurs. To make best use of the dynamic ranges of LEDs, a suitable optical power should be chosen for system design. In Fig. 4 , based on multi-color MIMO model, we show BER performance comparison among different transceiver design methods with ε = 0.10 when CT = 6500 K. The first method is the design proposed in [13] , which optimizes precoding matrix for fixed MMSE receiver. The second method is the illumination-adapted transceiver design we proposed in this paper. ZF precoding is a widely used linear precoding method in MIMO systems with advantages of implementation simplicity and effective performance promotion. Thus, the final method is conventional ZF precoding design. For ZF precoding, we have where α is the gain factor to control the transmitted signal power. α can be selected according to the constraints and a high transmission power. It is observed that ZF precoding design is the worst due to the nature of noise amplification. Furthermore, the proposed illumination-adapted transceiver design significantly outperforms both precoding with fixed MMSE receiver and ZF precoding design because the proposed method is a joint optimization of the precoder, equalizer and DC bias vector. Higher complexity brings certain performance improvement.
Moreover, based on multi-color MIMO model, the BER performances of the proposed method for different CT values are compared in Fig. 5 . Four CT values are investigated and the crosstalk ratio is 0.10 for every CT in this simulation. It is found that the system can achieve an better BER performance when a larger CT value is employed in VLC system. The optimal CMRs for different CT values at 140 lm are shown in Table 3 .
Conclusion
The work has investigated a transceiver design for QLED-based VLC system by simultaneously considering communication and lighting constraints, such as chromaticity, luminance and signal range in practical VLC applications. As QLEDs are used, we have got a set of feasible CMR for a specified CT. In this paper, with the consideration of crosstalk, an optimal transceiver and CMR can be adaptively got according to any desired lighting requirements by an iterative algorithm in order to minimize the system MSE. In other words, an illumination-adapted transceiver design has been put forward in this work. Simulation results show that multi-color MIMO receiver obtains better performance gain over WDM. The design we propose outperforms both precoding with fixed MMSE receiver and ZF precoding design. Moreover, better system performance can be achieved with larger CT value.
